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For decades, the origin of biomolecules on the prebiotic Earth
has been speculated from various scenarios. The classical Miller
experiments showed the first evidence that a mixture of biomole-
cules can be made in spark-discharge experiments from simple
gases (CO2, NH3, H2 and H2O) [1]. These reactions were suggested
to have taken place on the prebiotic Earth. On the other hand, sim-
ulation experiments suggested that organic compounds may have
originated from an extraterrestrial environment. The presence of a
haze layer in Titan’s atmosphere has been associated with organic
compounds. Likewise, there is evidence for the presence of organic
compounds in interstellar clouds, comets, meteorites and other
extraterrestrial media [2–5]. New spectral evidence showed that
biomolecules such as amino acids are most likely present in the
interstellar space. For example, spectral bands for glycine were de-
tected in the hot cores of Sgr B2(N-LMH), Orion KL, and W51 e1/e2
[6]. Detection of organic compounds in meteorites led to the
hypothesis that meteoritic impacts on the early Earth may have
been the primary source of organic compounds. In fact, the carbon
isotope ratio for xanthine and uracil in the Murchison meteorite
indicated the extraterrestrial origin of these nucleobases [3]. Also,
formation of nucleobases was reported under extraterrestrial con-
ditions including electrical discharge on a mixture of NH3, CH4, and
H2O to mimic cold plasma conditions and led to the formation of
xanthine and other pyrimidines, and purine bases [7].It appears that organic compounds may have originated from
more than two scenarios. One scenario is that the synthesis took
place on prebiotic earth. The second scenario is that some of the
early biomolecules may have been reached the earth by meteoritic
impacts. The simulation experiments for the formation of biomol-
ecules on prebiotic earth including Miller’s experiment have been
shown to give complex mixtures of molecules. For nucleobases,
both aqueous and non-aqueous syntheses of the nucleobases were
considered. The non-aqueous scenario has been preferred because
the nucleotides formed in subsequent steps are not stable in aque-
ous media [8]. Because of this instability, Sponer et al. have re-
cently considered mechanisms for the non-aqueous scenario
formation of nucleobases from formamide on Earth [9]. Even more
important is the fact that the non-aqueous scenario is consistent
with the formation of nucleobases in an extraterrestrial
environment.
For the non-aqueous scenario on prebiotic Earth, the formation
of the nucleobases was reported from the simultaneous ultraviolet
(UV) irradiation and heating of formamide with higher yields ob-
served in the presence of mineral catalysts [10]. Similarly, UV pho-
tolysis of formamide led to the formation of xanthine [11].
Formamide has been described as a good source for C, O, and N that
is needed for the prebiotic formation of nucleobases. For the for-
mation of nucleobases in an extraterrestrial environment, xanthine
together with other nucleobases were found in meteorites [5]. And,
these nucleobases may have been formed under extraterrestrial
non-aqueous scenario. Therefore, a non-aqueous scenario is
needed for the formation of nucleobases terrestrially or extra-ter-
restrially. Currently, the mechanisms for such formation of nucle-
obases are not yet well established.
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nucleobases are associated with high energy barriers. To lower
the energy barriers water has been included along the pathways.
For example, Wang et al. have studied by density functional theory
(DFT) a potential water-catalyzed pathway for adenine formation
starting from formamide [12]. Involvement of water in the reac-
tions was necessary in lowering the energy barriers. Similarly,
Roy et al. [13] reported the necessity of including water molecules
to lower the activation energies. These studies suggest compelling
mechanisms for the formation of one nucleobase. However, they
cannot be used to explain the formation of nucleobases from a
non-aqueous scenario because water is required to lower the en-
ergy barriers.
The prebiotic Earth environment may have restricted the types
of reactions that could have been prevalent on Earth. Most proba-
bly, the lack of an ozone layer, an oxygen depleted atmosphere, and
the high flux of solar UV irradiation had impact on the pathways.
Such conditions promote electron-transfer processes inducing
free-radical pathways. Recent studies indicated involvement of
free radicals in the prebiotic pathways [14,15]. For example, labo-
ratory experiments to simulate high-energy impact events on
Earth with an extraterrestrial icy body showed products that were
formed from the reaction of free radicals with formamide [15].
Also, formation of organic molecules on Titan’s atmosphere has
been suggested via free-radical pathways [16–18]. In 1953, Miller
stated that he used electric discharge to generate free radicals be-
cause an electric discharge scenario may have played a role in the
primitive atmosphere [1]. His classic experiment led to the forma-
tion of amino acids and other biomolecules from simple gases.
Free-radical pathways constructed by DFT methods were re-
ported for cytosine [18]. There is growing evidence that free radi-
cals were likely involved in prebiotic chemistry [19]. Reactions of
the cyano radical (CN) were also proposed for the synthesis of
nucleobases by DFT methods, but the intermediates that were con-
sidered did not lead to the targeted nucleobase [17]. Free-radical
pathways are consistent with both terrestrial and extraterrestrial
prebiotic reactions because radicals can be generated within cred-
ible scenarios. Moreover, controlled reactions of formamide with
CN led to the identification of 2-amino-2-hydroxyl-acetonitrile
as a possible precursor for nucleobases [15]. There is an increasing
interest in free-radical pathways because theoretical studies dem-
onstrated that these pathways have low energy barriers. WeScheme 1. Production of imrecently reported free-radical pathways for adenine, purine, hypo-
xanthine, and guanine starting from formamide [20]. These path-
ways were based on the formation of the imidazole derivative
radical (13) from formamide (Scheme 1).
In this context, the free-radical pathways for the formation of
xanthine and isoguanine from the reaction of formamide with
CN were studied by DFT methods. Indeed, the results support that
2-amino-2-hydroxyl-acetonitrile is a precursor for the nucleobases
as advanced by Ferus et al. [15]. The proposed mechanisms suggest
that both xanthine and isoguanine may be formed under the same
microenvironment. These pathways lead to the formation of more
than one target molecule further promoting diversity on the pri-
mordial Earth. Since water is not included in the proposed path-
ways, the mechanisms are appropriate for both terrestrial and
extraterrestrial microenvironments.2. Computational methods
All calculations using density functional theory (DFT) were per-
formed with the aid of the GAUSSIAN 09 suite of programs [21]. The
popular hybrid B3LYP functional [22,23], in conjunction with the
6-311G(d,p) basis set [24] was used for all calculations. Harmonic
vibrational frequency calculations were carried out at the same le-
vel in order to confirm the nature of stationary points and to obtain
zero-point vibrational energies. Each transition structure was char-
acterized by having one imaginary vibrational frequency for the
normal mode corresponding to the correct reaction coordinate.
Our recent theoretical studies [12,25] pointed out that the B3LYP
functional is suitable for investigating reaction pathways involving
formamide. The use of this DFT method, in the unrestricted formal-
ism (UB3LYP), allows us to avoid the severe spin-contamination
usually encountered in the UHF and UMP2 computations for
open-shell radicals, in particular for the radical CN [26–28].3. Results and discussion
The role of CN toward nucleobase synthesis has been consid-
ered through diaminomaleonitrile (DAMN) and diaminofumaro-
nitrile (DAFN) [17]. But these intermediates did not lead to the
formation of nucleobases. Therefore, the focus of the currentidazole precursor 13.
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thine and isoguanine.
The pathways constructed using B3LYP/6-311G(d,p) computa-
tions provide energetic evidence for the non-aqueous prebiotic for-
mation of nucleobases. The pathways suggest formation of a
mixture of products. Scheme 1 shows the reaction of formamide
with CN leading to the formation of 13. The mechanisms for the
formation of xanthine and isoguanine are based on the pre-forma-
tion of the imidazole-derivative intermediate (13) as a precursor.
Schemes 2–4 show the free-radical pathways for xanthine, isogua-
nine, and polyazaporphyrin. This is the first time that pathways are
proposed to address formation of a carbonyl group through enol-
keto tautomerization under prebiotic conditions.Scheme 2. Formation
Scheme 3. Formation3.1. Xanthine pathway mechanism
To account for the number of heavy atoms (C, O and N) in xan-
thine, addition of two molecules of formamide to 13 is required.
The first step is a radical addition of 13 to formamide to give 14,
followed by the 1,3-H-rearrangement 14? 15. This shift is neces-
sary for N to become part of the heterocycle. Addition of another
molecule of formamide to 15 yields 16, and this completes the
number of formamide molecules (a total of four formamide mole-
cules from the beginning of the mechanism) required for the syn-
thesis of xanthine. The calculation of the number of formamide
molecules per nucleobase facilitates estimation of theoretical
yields for experimental studies. Elimination of a NH2 radical fromof xanthine 24.
of isoguanine 33.
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Hydrogen abstraction by the NH2 results in 18with a small energy
barrier of 7.4 kcal/mol (Figure 1).
The cyclization step in nucleobase mechanisms has been previ-
ously reported to have the highest activation barrier. Similarly, the
radical cyclization of 18 to 19 requires activation energy of
44.3 kcal/mol. The structure of the TS shows a distance of 1.8 Å be-
tween the carbonyl carbon and the carbon radical. This is the rate-
determining step demanding the largest energy in the present
mechanism. However, this value is still less than the activation en-
ergy previously proposed for uncatalyzed reactions (including
cyclization) [12]. Alternative free-radical cyclization strategies for
18 were considered but the activation energies (data not reported
here) were close to that of 18? 19. Such a high energy require-
ment suggests that the use of minerals as catalysts is important
for nucleobase synthesis, which is consistent with previous exper-
imental studies. Indeed, the use of minerals was reported to en-
hance production of nucleobases [10]. Also, 19 is located just
1 kcal/mol below the transition state and the barrier to the next
more stable species 20 is 20.7 kcal/mol. Therefore, the barrier isFigure 1. Potential energy profile for formation of enol-form of xanthine 23.The profile
B3LYP/6-311G(d,p) + ZPE level.essentially a total of 65 kcal/mol for the two steps 18? 19? 20.
This high barrier is for the combined cyclization and H-rearrange-
ment steps. Alternative pathways were considered such as H-
abstraction from the OH group of 17. But this path does not lead
to lower energy barrier.
Mechanisms leading to the formation of carbonyl groups are
important in prebiotic chemistry due to the fact that a facile forma-
tion of carbonyl may lead to the functional group transformations
required for the construction of complex molecules. The first route
is a H-loss from the HACAO group of 19 to give the corresponding
A(C@O)A. This reaction is highly endergonic with an energy
change of 97.3 kcal/mol for this step, which is quite prohibitive.
Therefore, an alternative route involving formation of an enol tau-
tomer is considered and the 1,3-H radical rearrangement from 19
to give 20 is accordingly proposed. The energy barrier for this rear-
rangement amounts to 20.7 kcal/mol. Loss of a H atom from 20
provides indeed the enol 21.
Now, sequential loss of two H atoms from 21 forms xanthine.
This channel can be achieved through a hydrogen abstraction by
NH2 (or CN) followed by a loss of the second atomic hydrogen.represents the relative potential energies of a sequence of reactions. Values at the
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classical organic chemistry since the oxidation is defined as forma-
tion of a double bond by loss of H2. Therefore, a H abstraction by
NH2 from 21 produces 22. The H-loss from 22 gives rise to the enol
tautomer 23 of xanthine (24). The conversion of 21 to 23 is thus
equivalent to an oxidation step because there is a net loss of H2.
The conversion of 23 to 24 can again be achieved through keto-
enol tautomerization. The latter process is well described in organ-
ic chemistry and takes place in the presence of a mineral acid or a
base. Since the reactions take place in the gas phase or in the ab-
sence of water, the formation of the enol form may be a predomi-
nant route in the interstellar medium. Alternatively, enol-keto
tautomerization to xanthine (24) may have taken place in the pres-
ence of a small amount of an acid catalyst or a base in the prebiotic
soup.3.2. Isoguanine pathway mechanism
The abiotic formation of isoguanine is important for the hypoth-
esis of all-purine precursor of nucleic acid. The prebiotic synthesis
of isoguanine still needs further studies, since there is still no con-
clusive evidence about its origin. The synthesis of nucleobases is
experimentally challenging because of differences in the stabilities
of nucleobases as well as their reactivities under a given set of pre-
biotic conditions [29]. Isoguanine has been targeted in the analysis
of meteorites due to an essential prebiotic role that it may have
played. Callahan et al. reported the analysis of meteoritic samples
and found purine nucleobases [5], but pyrimidines and isoguanine
were not detected in these meteorites. Even though there is no
explanation for the absence of these nucleobases in the meteorites
analyzed [5]. Analysis of meteoritic samples requires extraction
conditions, perhaps the extraction methods need further optimiza-
tion because solvents have been suggested to change some intrin-
sic properties of isoguanine tautomers [30]. It should be pointed
out that isoguanine has been proposed as the required nucleobase
for all-purine nucleic acid [29].
The prebiotic origin of nucleobases is a topic that is evolving,
and new studies are needed to better understand the set of condi-
tions that lead to a given set of nucleobases. The mechanism iden-
tified here is the first computational evidence to show that an
abiotic formation of isoguanine (33) is possible. These pathways
could be useful in the design of new experimental approaches that
target isoguanine. In addition, this prediction supports the all-pur-
ine nucleic acids hypothesis that incorporates isoguanine as
precursor.
Because of structural similarities, a mechanism leading to xan-
thine is expected to also generate isoguanine. The latter requiresFigure 2. Potential energy profile showing the formation of isoguanine (32). The profile
B3LYP/6-311G(d,p) + ZPE level.elimination of an OH from 16 while xanthine requires elimination
of NH2. Therefore, the first step for isoguanine mechanisms is a
1,3-H shift from 16 to 25. This is consistent with the routes de-
scribed above (14? 15). Loss of OH from 25 produces the neutral
intermediate 26.
A two-step radical cyclization reaction can thus be proposed.
The first step of the cyclization is the addition of a H to 26 to give
27. Cyclization of 27 gives 28 with relatively low energy barrier of
13.8 kcal/mol (Figure 2). This channel shows a relatively lower bar-
rier than the previously reported one for the uncatalyzed cycliza-
tion step. However, a H-loss from 28 to form 29 has a relatively
high energy barrier of 35.9 kcal/mol.
Similar to the xanthine pathways, loss of two hydrogens from
29 forms the enol of isoguanine. This channel involves NH2 for
the abstraction of a hydrogen from 29 to 30. A H-loss from 31
yields 32 which is the enol of isoguanine (33). The energy barrier
for the 31? 32 step amounts to 30.2 kcal/mol. Again, similar to
xanthine, formation of isoguanine (33) from the tautomerization
of 32 is likely to involve catalysis of an acid or a base.3.3. Promoting prebiotic diversity with a potential synthesis of
polyzaporphyrin from the imidazole precursor 13
Ever since the early studies of prebiotic chemistry, emphasis
has been given to the synthesis of biomolecules that may have bio-
logical functions. Prebiotic synthesis of porphyrins has been re-
ported based on Fischer–Tropsch type of reactions [31]. Studier
et al. suggested that the Murchison meteorite contains compounds
similar to those produced from the Fischer–Tropsch reaction [32].
Those studies suggested that porphyrins may have originated from
an extraterrestrial environment. In the current Letter, a porphyrin
compound is of interest because of the similarities between part of
the porphyrin ring and the five-membered ring of nucleobases.
Thus, the proposed approach further promotes the fact that free
radicals may actually be involved in the synthesis of diverse com-
pounds. Our purpose is to show that a porphyrin can be formed
from 13, an intermediate compound in the synthesis pathways of
nucleobases which has structural features of the repeating unit
in porphyrin.
Neumer et al. reported a prebiotically feasible synthesis of 2, 5,
7, 10, 12,15, 17, 20-octaaza-21H,23H-porphine (polyazaporphyrin)
starting from HCN [33]. This porphyrin was considered as an oligo-
mer of HCN because it has a formula of (HCN)12. The study focused
on the formation of imidazole-4-nitrenium as the base unit for the
synthesis of polyazaporphyrin. Since the structure of the interme-
diate 13 is the radical analog of imidazole-4-nitrenium ion, a new
free-radical mechanism for polyazaporphyrin synthesis can be putrepresents the relative potential energies of a sequence of reactions. Values at the
Table 1
Relative energies of the prebiotic formation of xanthine, isoguanine, and
polyazaporphyrin.
Description DEa Description DEa
13? 14 24.4 26? 27 23.8
14? 15 4.2 27? 28 2.0
15? 16 9.0 28? 29 38.7
16? 17 16.0 29? 30 32.5
17? 18 13.1 31? 32 23.1
18? 19 43.2 12? 34 64.2
19? 20 4.8 12? 35 8.2
20? 21 19.0 35? 36 18.3
21? 22 11.5 36? 37 20.6
22? 23 20.3 37? 38 12.3
16? 25 2.2 38? 39 43.0
25? 26 19.1
a DE in kcal/mol.
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may arise from the common prebiotic precursor 13, and therefore
strengthens the utility of free radicals as precursors for
biomolecules.
Scheme 3 shows a low barrier mechanism for polyazaporphy-
rin. The bottleneck for the porphyrin mechanism is formation of
the monomer repeating unit 34. Loss of H from 12 yields the neu-
tral intermediate 36 with a high energy barrier of 63 kcal/mol.
Such a high energy barrier makes this step unlikely to take place
without a catalyst. The formation of the intermediate 34 is critical
to the proposed pathway. Alternatively, 34 can be formed by a
free-radical disproportionation of 12 (Scheme 4). Note that the fi-
nal two products of the disproportionation of 12 are both neutral
species. However, in spite of extensive attempts, a transition state
for this disproportionation reaction could not be found at the
B3LYP/6-311G(d,p) level. All subsequent steps for the poly-
azaporphyrin synthesis have low energy barriers (Scheme 3).
The radical addition of 12 to 34 forms the dimer 35 with an en-
ergy barrier of 6.4 kcal/mol (Figure 3). This addition reaction is
slightly exergonic (Table 1). Sequential addition of two monomer
molecules 34 produces the tetramer 37 through low energy barrier
reactions. Cyclization of 37 to form 38 is expected to be a high-en-
ergy demanding step but calculations show a small barrier of only
5.6 kcal/mol. Compared to the cyclization barriers in nucleobase
synthesis, it appears that the large porphyrin ring is much easier
to form than a six-membered ring in nucleobases which proceed
with larger barriers. These results also show that the free-radical
mechanisms for the cyclization of a porphyrin ring are plausible
under prebiotic conditions. A H-loss from the resonance-stabilized
38 gives 39 with a large energy barrier of 44.7 kcal/mol (Figure 3).
The radical 38 is thermodynamically more stable than aza-
porphyrin 39 (Table 1). This type of radicals has previously been
suggested to have an unusual stability. Both radical 38 and neutral
39 species have been observed experimentally [33]. The current
mechanisms suggest that 38 is a precursor of 39.3.4. Barrierless and highly exergonic free-radical reactions
The use of small basis sets may affect the calculated energy bar-
riers, therefore calculations of the barrierless steps were carried
out with a larger basis sets to verify them. The structures opti-
mized at B3LYP/6-311G(d,p) level of theory were thus subjected
to reoptimization using the B3LYP/6-311++(3df,2pd) level. Calcula-
tions with the larger 6-311++(3df,2pd) basis set gave energies
comparable to those obtained using the 6-311G(d,p) basis setsFigure 3. Potential energy profile for formation of polyzaporphyrin (39). The profile repre
6-311G(d,p) + ZPE level.(Supporting Information, Table S1). These results suggest that the
transition state energies are not substantially affected by the size
of the basis set, and similarly the minimum energy profiles.
Recent studies have shown that some steps involving free
radicals are exothermic and tend to proceed without or with small
energy barriers [16,17]. For example, a barrierless photoisomeriza-
tion of cis-DAMN to trans-DAMN was recently reported [34]. These
studies are consistent with the current findings that some of the
free-radical steps leading to the nucleobases are barrierless. Table 1
shows that the 16? 17, 17? 18, 19? 20, 21? 22, 16? 25,
26? 27, 27? 28, 29? 30, 12? 35, 35? 36, 36? 37, and
37? 38 steps are exothermic which is consistent with previous
studies on free-radical pathways.
The use of NH2 as a reasonable agent to activate neutral mole-
cules with low energy barrier is known. Such a strategy is feasible
when the product is conjugated as in 30. The H abstractions steps,
11? 13, 17? 18, and 29? 30 proceed with small barriers. Such
small energy barriers for H abstraction steps are consistent with
recent report of H abstraction from uracil by OH that proceeds
with a low barrier of about 9.5 kcal/mol [35]. Formation of neutral
intermediates followed by H abstractions with low energy barriers,
may take place over long geological time that fit well with prebi-
otic scenarios.3.5. Prebiotic implications of the pathways
The results obtained in the present Letter provide new mecha-
nistic approaches for the prebiotic formation of nucleobases. Thesents the relative potential energies of a sequence of reactions. Values at the B3LYP/
64 Y.A. Jeilani et al. / Chemical Physics Letters 598 (2014) 58–64aims are to establish some new mechanisms for the formation of
xanthine and isoguanine, and to identify routes on the complex
PES leading to other biomolecules. The pathways are indeed com-
plex giving rise to a mixture of products. Other pathways on the
PES such as the coupling of two radicals should be taken into con-
sideration since they are expected to reduce the yield of nucleo-
bases. Experimentally, low yields of nucleobases have been
observed [10]. The proposed mechanisms suggest that the best
strategy for the formation of the C@O bond in nucleobases is
through the enol form. These results demonstrate the potential
role of enolate chemistry in prebiotic reactions. Relatively higher
activation energies were calculated for the 18? 19 cyclization
and the 28? 29 loss of H steps. These results suggest that mineral
catalysis could have played a crucial role in the synthesis of these
nucleobases under prebiotic conditions.
On the other hand, a new reasonable mechanism for poly-
azaporphyrin further expands the diversity of the biomolecules
formed in the prebiotic era. The proposed mechanism for poly-
azaporphyrin is the first theoretical evidence that supports the pre-
viously reported detection of porphyrin-like pigments in
laboratory simulation experiments. The porphyrin-like pigments
were formed in a Fischer–Tropsch type reaction using CO, D2,
and ND3 with Ni–Fe and Al2O3 [31].
Also, porphyrin was detected in the Murchison meteorite albeit
the quantity was small and complete characterization was not
available [32]. The hypothesis for porphyrin synthesis in the pres-
ent Letter is based on the fact that free-radical PES is complex and
may include pathways to useful compounds. An eventual identifi-
cation of 13 as a precursor for nucleobases and polyazaporphyrin
could further support this hypothesis.
The proposed mechanisms are appropriate for the formation of
organic matter observed in the solar system. For example, free
radicals may be invoked for reactions taking place in cometary
frozen nuclei and aerosols when subjected to high-energy
sources. The proposed mechanisms can be used to explain the
non-terrestrial origin of xanthine, as previously suggested [3].
Xanthine was found in meteorites by both carbon isotopic ratio
methods and formic acid extraction of meteorites samples [3,4].
The formic acid extraction was performed on samples from Mur-
chison, Murray, and Orgueil carbonaceous meteorites and xan-
thine was detected in all samples [4]. Laboratory simulation
experiments of the extraterrestrial conditions are not trivial to
setup because of the limited knowledge of the unseen environ-
ment. However, there are increasing synthetic and spectral evi-
dences for organic compounds in the organic haze of Titan’s
atmosphere. Formation of complex molecules under such envi-
ronments is expected to proceed through free radicals. The path-
ways for xanthine and isoguanine demonstrated that more
compounds may also be expected because there are neutral and
stable intermediates in the pathways.
The reactions of HCN are important for both interstellar media
and prebiotic Earth. It has been previously speculated that HCN is a
precursor for nucleobases and numerous experiments have been
reported on HCN chemistry [11]. The results in the present Letter
further demonstrate the role of the HCN/CN pair. Scheme 1 points
out that the triple bond in CN facilitates the formation of the five-
membered ring (7? 8). The CN radical provides a venue for acti-
vating neutral intermediates with highly exothermic steps (e. g.,
11? 12).
The possible formation of isoguanine further advances the all-
purine nucleic acid hypothesis because isoguinine is an important
nucleobase in this hypothesis. Isoguanine together with the poly-
azaporphyrin are hypothesized as possible targets that could be
formed in the Titan atmosphere as there is no solvent requirement
in the mechanisms. Formation of polyazaporphyrin further sug-gests that future space missions should target complex biomole-
cules beyond simple amino acids and nucleobases.
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